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) generally causes observable mosaic symptoms and stunting in most potato cultivars (5, 20) . PVY O incidence has been minimized by seed certification programs and has not been considered to be a major impediment to potato production, although widespread acceptance of cultivars that are asymptomatic to PVY O infection has contributed in increased PVY incidence in recent years. The necrotic strain of PVY (PVY N ) is defined by its ability to cause a lethal veinal necrosis in tobacco (28) . Some isolates of PVY N also are able to induce necrotic ringspot symptoms in potato tubers (21) , greatly decreasing quality and marketability. The latter isolates are designated PVY NTN (NTN = necrosis in tobacco and tuber necrosis in potato). Some PVY NTN isolates are recombinants between PVY O and PVY N strains (2, 15) , whereas others have arisen by point mutations (31) . Recombinant strains designated as PVYWilga (6) (6, 25) . These PVY N:O strains are becoming more prevalent in potato grown in the United States and Canada (39) . Monoclonal antibodies (MAbs) have been developed in an attempt to differentiate PVY O , PVY N , and the stipple-streak strain PVY C (10) . PVY strains are differentiated by the use of biological assays on Solanaceous plant species (17, 19) and by nucleic acid-based and serological techniques (39, 40, 45) . Differential potato genotypes have been used to distinguish PVY strains based on symptomatology and the ability of strains to overcome resistance genes (19) . There are two prominently described forms of PVY resistance in potato: extreme resistance derived from Ry genes and hypersensitive resistance derived from Ny genes (42) . Extreme resistance is manifested as very low to undetectable viral replication and is effective against all known PVY isolates (48) , whereas hypersensitive resistance is strain dependent and is manifested as a localized or systemic necrosis (4, 47) .
Surveys of PVY have been conducted in major potato growing regions of North America (23) , but these have not included potato grown in the northeastern United States. Roughly 80% of the potato acreage in the northeastern United States is located in New York and Maine (1) . Potato crops from this region account for approximately 8% of the total potato acreage in the United States, and production is estimated to be worth over $200 million (1) . It is important to have an understanding of the diversity of PVY strains present in the northeastern United States in order to guide disease management practices and cropping strategies.
This study describes a potato virus survey conducted in the northeastern United States in 2002 and 2003. The goals were to determine the prevalence of six potato viruses in plants with virus symptoms and to evaluate the diversity of strains of PVY in this part of the United States. Several PVY isolates that differ from the common PVY O strain are described (i.e., those isolates that cause veinal necrosis in tobacco, are recognized by MAb 1F5, or induce tuber necrosis in the potato cv. Yukon Gold). This is the first report of necrotic or tuber necrotic strains of PVY (PVY N Potato virus detection. Samples from New York and Maine were tested for PVA, PVM, PVS, PVX, PVY, and PLRV by double-antibody sandwich enzyme-linked immunosorbent assays (DAS-ELISA; 7) using commercial antibodies, primarily polyclonal (Agdia Inc., Elkhart, IN). Absorbance values three times greater than the average of uninfected greenhousegrown potato plant controls were considered positive unless the average uninfected control value was below 0.030, in which case a value of 0.100 and above was considered positive. In 2002, the leaf tissue remaining from samples that tested positive for PVY was lyophilized, stored at -20ºC, and subsequently tested using differential hosts and a PVY N triple-antibody sandwich (TAS)-ELISA (11) . Briefly, microtiter plates were coated with anti-PVY polyclonal antibody. The wells were rinsed with phosphate-buffered saline (PBS; 0.05% Tween 20) between this and each subsequent step. Lyophilized tissue in powder form at 0.025 g/ml of PBS (pH 7.4) was vortexed vigorously, and 100 µl was added to duplicate wells. The PVY N MAb 1F5 (11) was diluted in conjugate buffer (1:5000) and 100 µl was added to the wells. Next, 100 µl of alkaline phosphatase conjugated anti-mouse goat antibody (Sigma-Aldrich, Milwaukee, WI) diluted (1:5000) in conjugate buffer was added to wells. In 2003, the samples testing positive for PVY were tested immediately for recognition by MAb 1F5 by TAS-ELISA, using potato sap diluted in PBS (1:10) (8) , and the stipple-streak strain PVY C (46) . Plants were monitored for symptoms on inoculated leaves at 8 to 12 dpi and on systemic leaves at 21 to 28 dpi. Systemic leaves also were tested for PVY by DAS-ELISA 21 dpi. The experiment was repeated twice.
To determine whether the PVY N isolates induced tuber necrosis, greenhouse-grown plants of the S. tuberosum cv. Yukon Gold were inoculated mechanically 2 to 4 weeks post emergence (four to eight fully expanded leaves) and grown to maturity in 3.7-liter (1-gal) plastic pots. Upper uninoculated leaves were tested by DAS-ELISA 2 to 4 weeks post inoculation and tubers from systemically infected plants were observed for tuber necrosis symptoms at harvest and after 4 weeks of storage at 4ºC. These experiments were repeated at least three times (except for AL2) during the course of a year, inoculating four or more plants with each isolate per experiment. (Table  1 ). In the asymptomatic composite samples, PVS, PVY, and PVX were detected in 47, 9, and 7% of the samples, respectively ( Table 1 ). All of the PVY isolates detected in the asymptomatic composite samples were PVY O . In the symptomatic samples collected in 2002, PVS and PVY were the only viruses detected as single infections, in 4 and 11% of the samples, respectively, and they also were the most common mixed infection.
Other combinations also were identified at lower frequencies (Table 2 ). In the symptomatic samples collected in 2003, PVS, PVY, and PLRV were detected as single infections, with PVY representing the majority (32%) of single infections. A variety of combinations of mixed infections also were observed (Table 2) .
At the time of sampling, the potato cultivar name was recorded (when known) and, in 2003, the number of samples of each cultivar testing positive for any of the six different viruses was compiled (Table  3) . High proportions of the symptomatic samples of the breeding lines tested positive for PVS, PVX, and PVY, as did four of the most widely grown potato cultivars in the United States, Russet Burbank, Russet Norkotah, Shepody, and Snowden. These three viruses also were observed in the composite, asymptomatic samples of Russet Norkotah and Shepody (Table 3) .
PVY isolate characterization. Of the PVY isolates detected, 98% were similar to the ordinary strain, PVY O . In infected tobacco plants, they induced a typical mild mosaic without any observable veinal necrosis. These isolates did not react with MAb 1F5, and no further characterization was attempted. Of the 394 PVY isolates, 8 induced veinal necrosis in tobacco or reacted with MAb 1F5 (Table 4) and were the subject of additional work. Two type strains (PV-575 and PV-576) and four isolates from the western United States (AL1, AL2, RR1, and FL40D) were used as reference isolates. Isolate PB252 reacted with MAb 1F5 and induced veinal necrosis in tobacco, but did not cause tuber necrosis. However, PB252 and most other necrosis-inducing isolates in this study were not typical PVY N strains in that they also were detected by the PVY O MAb 2 (Table  4 ). This suggests that these isolates were either mixed infections of PVY O and PVY N antigenic strains, or their capsid proteins had an unusual combination of antigenic sites.
Isolates PB312 and PB313 caused tuber necrosis in greenhouse-grown Yukon Gold (Table 5 ; Fig. 1 ), induced veinal necrosis in tobacco, and reacted with MAb 1F5. Therefore, these two isolates can be classified as PVY NTN isolates. In subsequent studies, field-grown Yukon Gold infected with PB312 also yielded tubers with tuber necrosis, confirming the greenhouse assay (data not shown). PB313 differed from PB312 in that it reacted with MAb 2, whereas PB312 did not (Table 4) . The reference isolate FL40D induced tuber necrosis symptoms in Yukon Gold that differed from those caused by the other tuber necrosis-inducing isolates. The necrosis often was more advanced in the stem end of a symptomatic tuber infected with FL40D (Fig. 1A) . The tuber necrosis symptoms caused by the reference isolate RR1 and survey isolates PB312 and PB313 were the more typical raised necrotic rings, usually around tuber eyes; the severity of these symptoms increased after storage at 4ºC (Fig. 1B) . tuber necrosis, as did the reference isolate AL1 (Table 5 ; Fig. 1C) . However, these atypical tuber necrosis symptoms were not reproduced in four repeated experiments for PB343 and two repeated experiments for AL1, and may have been due to other factors, such as environmental (greenhouse) conditions. Furthermore, plants sprouted from these tubers with atypical symptoms did test positive for PVY and were grown to maturity, but no daughter tubers with necrotic symptoms were observed. PVY reference isolates RR1 and FL40D reproducibly yielded tubers expressing necrosis when inoculated onto Yukon Gold (Table 5 ; Fig. 1) .
Differential inoculations and reactions to Ry and Ny resistance genes. Previous work with S. brachycarpum as an indicator plant showed that PVY O and PVY C induced mosaic symptoms and that PVY N induced necrosis (37) . This proved to be the case with all the tested isolates (8) and those from this study except for RR1, which induced a mild mosaic in S. brachycarpum ( (Table 6 ).
DISCUSSION
Consistent with recent reports from potato-growing regions in the western and central parts of North America (8, 35) , we have observed necrotic isolates and antigenic variants of PVY in the northeastern United States. Although the frequency at which these isolates were recovered was low (2%), it is clear that necrotic PVY and other variants are widespread and becoming more prevalent. A part of the increase can be attributed to PVY asymptomatic cultivars such as Russet Norkotah and Shepody (16, 18, 44) . PVY infection of Russet Norkotah and Shepody results in decreased yield (33) , but the greater impact on production is likely to be that these asymptomatic plants function as a virus reservoir, facilitating in-season spread by aphids not only to plants in the same field but also to other cultivars in neighboring fields. Several isolates of PVY were identified in symptomatic and asymptomatic Russet Norkotah and Shepody ( Table 3) , emphasizing that other factors in addition to host genotype are involved in symptom development (e.g., time of infection, virus strain, mixed infections, and environment). PVY N , PVY NTN , or PVY N:O isolates were not observed in the asymptomatic composite samples, although this is not surprising given the relatively small sample size. Several of these isolates did establish asymptomatic infections in NY115, Atlantic, and Allegany in greenhouse tests (Table 6) .
PVY susceptibility and symptom expression are taken into account in breeding new potato cultivars (27, 34, 43) , but yield and quality traits take precedence. Therefore, many breeding lines lack any effective PVY resistance, as evidenced by the high incidence of PVY associated with breeding lines sampled in this survey (Table 3). PVY will continue to hinder production until desirable cultivars possessing effective PVY resistance are released and accepted by the industry.
There States. However, PB252 and PB313 are atypical in that they also react with MAb 2 in addition to MAb 1F5 ( (35) . In our tests, AL2, PB22, and PB209 did not induce tuber necrosis in Yukon Gold whereas, in one trial, the reference isolate AL1 and isolate PB343 induced an atypical tuber necrosis (Table 5 ; Fig. 1C ). These atypical tuber symptoms appear to be different from those recently reported for PVY N:O isolates (35) . AL1 also was reported to induce tuber necrosis in Alturas (8) . It may be the case that Alturas is more susceptible to tuber necrosis than Yukon Gold, so that an isolate that causes limited atypical tuber necrosis in Yukon Gold would cause normal tuber necrosis in Alturas, but this has not been determined. Alternatively, unidentified environmental factors may have been conducive for the induction of tuber necrosis in the one particular trial. Research conducted in Europe has shown that several PVY isolates that cause veinal necrosis in tobacco also can induce potato tuber necrosis to varying degrees depending on environmental conditions (3); however, PVY N:O isolates were not tested. PB22 and PB209 appear to be similar to isolates referred to as PVY-Wilga (6) (15, 25, 32) . Similar to many PVY isolates from this survey and reference isolates tested, both PB22 and PB209 induced necrosis in S. brachycarpum but not in Allegany ( (25, 39) , these strains may be transmitted more efficiently by aphid vectors or in seed potato from infected plants into progeny tubers.
Isolates PB315, PB343, and PB419 compose an additional class of PVY isolates similar to O 5 isolates previously reported (12) . These isolates are PVY O based on their phenotype on tobacco (Table 4) and potato genotypes (Table 6) ; however, they react with MAb 1F5 and MAb 2 (Table 4). Additionally, these isolates induced local lesions on Allegany possessing hypersensitive resistance, as did the PVY O and PVY C reference isolates (Table 6 ). That PB315, PB343, and PB419 reacted with both MAb 1F5 and MAb 2 is most likely not a result of a mixed-strain infection because, in our observations of PVY N and PVY O mixed-strain infections (data not shown) and those of others (50), veinal necrosis is dominant and PVY O symptoms are masked. Additional testing is needed to determine the relationship of PB315, PB343, and PB419 to the O 5 isolates reported in Idaho and several Canadian provinces (12) . The O 5 isolates are of significance to the potato industry, because they will give rise to false positives in surveys for PVY N .
There are multiple sources and types of resistance to PVY in Solanum spp. (13) . The Ry and extreme resistance gene, as found in Eva, confers the most durable form of resistance. There are no examples in this study (Table 6 ) or in published reports where PVY isolates were able to overcome this extreme resistance. A less useful form of resistance is the hypersensi-tive resistance in Allegany. This was reported to be specific to PVY O and to limit the spread of the virus (49) . Several of the isolates reported in this study were able to induce local lesion formation and to spread systemically (Table 6) .
One of the greatest challenges in characterizing PVY isolates is the possibility of mixed infections of multiple strains or viruses. A striking example is the synergism between PVX and PVY that can result in necrosis (9) and confound an assessment of the veinal necrosis phenotype. Although this was not observed in the present study, mixed infections were common and a majority of the infections analyzed in 2002 were mixed ( Table 2 ). The most common mixed infection was that of PVY and PVS; these viruses were found alone or together in a majority of the samples in both years (Tables 1 and 2 ). PVS often is asymptomatic in the aboveground portions of the plant and is not known to induce tuber symptoms (14) . Virus control measures in early-generation seed potato plants rely heavily on visual inspection and roguing of symptomatic plants; therefore, it was not surprising that PVS was common in the asymptomatic samples. PVS does have an economic impact, because single infections account for yield reductions of 10 to 20%, and mixed infections with PVX or PVM reduce yield as much as 40% (14) . PVM and PVA were common in 2002 (Table 2) , probably due to the abundance of aphid vectors the previous season. These two viruses were barely detected in 2003, suggesting either that they were not transmitted efficiently from plants infected in 2002 to progeny tubers that were used as seed in 2003 or that they had been "flushed" out of the seed system (i.e., that certified seed with relatively little virus was planted as an alternative to replanting PVM-and PVAinfected seed).
The main purpose of this potato virus survey was to evaluate the diversity of PVY isolates in the northeastern United States potato-growing region. We employed a biased sampling method that provides information on the prevalence of PVY strain types. A number of the strains have not been reported previously in potato plants growing in the northeastern United States, and some presumptive recombinants are described. It will be of interest to gain a greater understanding of the genomic diversity among the PVY 
